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Summary 
Cytoklne and cytokine receptor gene knockout mice 
provide powerful experimental systems to character- 
ize the functions of these molecules in resistance to 
infectlous dlsease. Such mice may also provide unique 
models of immune deficiency to learn whether manipu- 
lation of the Immune response can overcome the spe- 
cific dysfunction. We demonstrate that resistance of 
IFNy gene knockout (GKO-I-) mice to the intracellular 
bacterium Listerla monocytogenes is severely im- 
paired compared with wild-type mice. However, immu- 
nization of GKO-‘- mice with an attenuated L. monocy- 
togenes strain generates antlgen-specific CD8 T cell 
responses that can transfer Immunity to naive hosts. 
Furthermore, vaccinated GKO+ mice themselves ex- 
hibit 20,000-fold Increased resistance to challenge 
with virulent L. monocytogenes and this resistance 
appears to be CD8 T cell medlated. These studies dem- 
onstrate that vaccination-induced Immunity can over- 
come the absence of a cytoklne that Is critical for resis- 
tance to acute infection. 
Infection of mice with Listeria monocytogenes, a human 
bacterial pathogen associated with severe infections of 
immunocompromised individuals, has sewed as a model 
system for innate immunity and specific immunity to infec- 
tious disease (Kaufmann, 1993). L. monocytogenes is a 
facultative intracellular bacterium that infects macro- 
phages and a variety of nonphagocytic cells, including 
hepatocytes (Cossart and Mengaud, 1989). The biology 
of L. monocytogenes infection has been characterized 
through the analysis of mutant organisms, attenuated for 
virulence in the mouse model, which exhibit specific de- 
fects in the pathogenesis of in vitro infection (Portnoy et 
al., 1992). L. monocytogenes enters the infected cell in a 
phagosome but escapes from this structure into the cyto- 
plasm primarily through the actions of a secreted bacterial 
hemolysin, listeriolysin 0 (LLO). LLO- mutants fail to es- 
cape from the phagosome and are avirulent (Cossart et 
al., 1989). Once in the cytoplasm of the eukatyotic cell, 
L. monocytogenes replicates and initiates movement 
through polymerization of host-derived F-actin, a process 
dependent on the L. monocytogenes Act A protein (Kocks 
et al., 1992). Act A mutant strains fail to polymerize actin 
in a polar fashion and are inhibited in cell-cell spread 
(Kocks et al., 1992; Brundage et al., 1993), which occurs 
when L. monocytogenes containing pseudopod-like struc- 
tures are engulfed by adjacent cells. Such mutant strains 
exhibit approximately three orders of magnitude less viru- 
lence than wild-type strains (Brundage et al., 1993). Simi- 
larly, L. monocytogenes strains mutant in one or both 
genes encoding phospholipase activity have a reduced 
ability to spread between cells (Portnoy et al., 1992) and 
are attenuated for mouse virulence. This defect may result 
from the inability of phospholipase mutants to escape from 
double membrane structures formed during intracellular 
spread. 
Innate or natural immunity to L. monocytogenes in- 
volves the recruitment and activation of phagocytic cells, 
including neutrophils and macrophages (Bancroft et al., 
1991; Conlan and North, 1991). Treatment of mice with 
antibodies that deplete neutrophils (Conlan and North, 
1994; Czuptynski et al., 1994) or prevent neutrophil extrav- 
asation (Rosen et al., 1989; Conlan and North, 1992) in- 
creases susceptibility to acute L. monocytogenes infec- 
tion. Studies by the Unanuegroup in the scid mouse model 
have demonstrated that activation of macrophages after 
L. monocytogenes infection requires a complex set of in- 
teractions involving tumor necrosis factor-a (TNFa) and 
interleukin-12 (IL-l 2), produced by L. monocytogenes- 
infected macrophages (Tripp et al., 1993). These cytokines, 
in combination with bacterial factors, activate natural killer 
cells to produce IFNy, which synergizes with TNFa to acti- 
vate the microbicidal activities of macrophages (Wherry 
et al., 1991). This scenario is supported by demonstration 
of increased susceptibility to L. monocytogenes infection, 
of mice treated with monoclonal antibodies (MAbs) that 
deplete natural killer (NK) cells (Dunn and North, 1991a), 
neutralize TNFa (Bancroft et al., 1989) or IFNy (Buchmeier 
and Schreiber, 1985), and is further supported by recent 
studies demonstrating increased susceptibility of TNFa 
type 1 receptor (Rothe et al., 1993) and IFNy receptor 
(Huang et al., 1993) gene knockout mice. From these stud- 
ies, cytokines such as IFNy and TNFa have been impli- 
cated as major effector molecules in resistance to acute 
L. monocytogenes infection. 
L. monocytogenes infection of mice elicits a full spec- 
trum of specific cellular immune responses, including a-P 
T cell receptor (TCR)-expressing CD4 and CD8 T cells as 
well as y-6 TCR-expressing T cells (Kaufmann, 1993). L. 
monocytogenes immune CD4 T cells and y-ST cells play 
asignificant role in the generation and control of the granu- 
lomatous response to infection (Kaufmann, 1993) but are 
not required for the expression of acquired immunity to 
L. monocytogenes (Mielke et al., 1988; Mombaerts et al., 
1993). In contrast, experiments using T cell subset deple- 
tion in vivo (Mielke et al., 1988, 1989; Dunn and North, 
1991 b) and specific T cell subset transfer (Bishop and 
Hinrichs, 1987; Lukacs and Kurlander, 1989), demon- 
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strate that CD8 T cells are effective mediators of acquired 
immunity to L. monocytogenes. It has been proposed that 
the cytoplasmic location of L. monocytogenes exposes 
the organism to the cytoplasmic MHC class I antigen pre- 
sentation pathway, resulting in presentation of L. monocy- 
togenes-derived peptides to CD8 T cells (Brunt et al., 
1990). 
The specific effector mechanisms employed by CD8 T 
cells in response to L. monocytogenes infection are not 
clearly defined. CD8 T cells possess the capacity to lyse 
target cells expressing the specific major histocompatibil- 
ity complex (MHC) class I-peptide complex in vitro. In 
addition, CD8 Tcells produce significant quantities of IFNy 
and TNFa after antigen stimulation (Kaufmann, 1993). By 
analogy to natural immunity mediated by NK cell-derived 
IFNy, it has been proposed that CD8 T cell-derived IFNY- 
mediated activation of macrophages is the major pathway 
of specific immunity to infection. In contrast with this no- 
tion, we have presented evidence that L. monocytogenes- 
specific CD8 T cells can transfer immunity to naive mice 
in the presence of a MAb, which efficiently neutralizes 
mouse IFNy in vivo (Harty et al., 1992). However, in vivo 
administration of cytokine neutralizing MAb does not en- 
sure that all biologically relevant cytokine is effectively 
eliminated. 
In the present experiments, we address the requirement 
for IFNy as an effector molecule in natural and specific 
immunity to L. monocytogenes using mice with targeted 
disruption of the IFNy structural gene (GKO-‘- mice; Dalton 
et al., 1993). Our experiments show that GKO-‘- mice are 
extremely susceptible to acute infection with virulent L. 
monocytogenes, demonstrating that IFNy is a critical cy- 
tokine in natural resistance to L. monocytogenes infection. 
However, GKO-‘- mice survive infection with an attenuated 
L. monocytogenes strain that primes an effective CD8 T 
cell response. L. monocytogenes immune CD8 T cells 
from GKO-‘- mice, which are incapable of producing IFNy, 
transfer antilisterial resistance to naive mice as effectively 
as CD8 T cells from L. monocytogenes immune mice that 
produce IFNy. Strikingly, GKO-I- mice can be vaccinated 
with a single injection of attenuated L. monocytogenes and 
exhibit up to 20,0ClO-fold increased resistance to virulent L. 
monocytogenes in the complete absence of IFNY. These 
data demonstrate that IFNy is not required for the develop- 
ment or expression of specific immunity to L. monocyto- 
genes. 
Results 
GKO-I- Mice Are Extremely Sensitive to Infection 
with Virulent L. monocytogenes but Exhibit 
Wild-Type Resistance to acfA Mutant 
L. monocytogenes 
A role for IFNy in resistance to acute infection with L. mono- 
cytogenes is supported by experiments demonstrating in- 
creased susceptibility of mice treated with a neutralizing 
anti-IFNy MAb (Buchmeier and Schreiber, 1986) and mice 
with targeted disruption of the IFNy receptor gene (Huang 
et al., 1993). In these reports, mice were challenged with 
normally nonlethal but relatively high levels of organisms 
(- 0.1 LDW, 103-10’ colony-forming units [CFU]), which 
led to lethal infection when the functions of IFNy were 
disrupted. 
To obtain quantitative information on the susceptibility 
of mice with targeted disruption of the IFNy structural gene 
(GKO-‘- mice; Dalton et al., 1993) we infected H-2d MHC 
expressing GKO”, GKO+‘-, or BALBlc mice with graded 
doses of the virulent L. monocytogenes strain 16403s (Ta- 
ble 1). L. monocytogenes strain 19403s has a published 
LDXJ of 10” CFU in BALB/c mice (Bishop and Hinrichs, 
1987). Consistent with this finding, 19403s infection of 
GKO+‘- and BALB/c mice resulted in LDso’s of greater than 
lo4 CFU. These data demonstrate that the H-2d MHC- 
expressing GKO+‘- mice, generated by backcross to 
BALBlc, exhibit BALBlc-like resistance to L. monocyto- 
genes and that the effectsof IFNyon survival in thissystem 
are independent of gene dosage. 
In contrast, GKO-‘- mice were extremely susceptible to 
virulent L. monocytogenes infection. The average LDso of 
L. monocytogenes 10403s for GKO-‘- mice, derived from 
the three independent experiments, was 10 CFU com- 
pared with greater than lo4 CFU for GKO+‘- and BALB/c 
mice. This IFNy-dependent difference in resistance, dem- 
onstrates that IFNy is a critical mediator of natural immu- 
nity to acute L. monocytogenes infection. Although not 
addressed in our studies, others have presented evidence 
that NK cells are the source of IFNy in natural immunity 
to acute L. monocytogenes infection (Bancroftet al., 1991; 
Dunn and North, 1991a). 
L. monocytogenes-encoded virulence factors, associ- 
ated with distinct stages of the pathogenic infection, have 
been characterized through random transposon mutagen- 
esis (Gaillard et al., 1986; Kocks et al., 1992) and directed 
mutagenesis (Brundage et al., 1993). To assess the role 
of IFNy in natural immunity to L. monocytogenes infection, 
we have initiated experiments to characterize the viru- 
lence of defined L. monocytogenes mutants in GKO-‘- 
mice. These experiments, employing mutant L. monocyto- 
genes in conjunction with mice with a specific immune 
defect, may provide a powerful approach to the analysis 
of pathogenic infections and the functions of specific dis- 
rupted genes. Using this approach, we have determined 
that the attenuated L. monocytogenes mutant strain DP- 
Table 1. GKOI- Mice Exhibit Increased Susceptibility to Virulent 
L. monocytogenes Compared with GKC+- and BALBk Mice but 
Similar Resistance to a&l Mutant L. monocytogenes 
LD, (CFU) 
L. monocytogenesstrain Experiment GKO-‘- GKO+‘- BALB/c 
10403s (wild type) 1 lWs ND ND 
2 10’” 1 O’.’ 10” 
3 16’ ND ND 
DP-L1942 (act4 mutant) 1 106’ ND 1 O”8 
Groups of 3-5 H-2d MHC GKO-/-, GKO+‘-, or BALBlc mice were 
infected by intravenous injection with various numbers of virulent 
L. monocyotogenes strain 10403s or act,4 mutant strain DP-L1942. 
Actual numbers of CFU injected were determined by plating aliquots 
of relevant dilutions. Animals were observed for 14 days. ND, not 
defined. 
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L1942 (Brundage et al., 1993), which carries an in-frame 
deletion in the act4 gene, exhibits an LDm for GKO-‘- mice 
that is similar to that seen with BALB/c mice (Table 1). 
The L. monocytogenes-encoded actA gene is involved in 
the process of actin polymerization and is necessary for 
cytoplasmic movement and cell-cell spread of the organ- 
ism (Kocks et al., 1992). These datademonstrate that IFNy 
is not required for resistance to L. monocytogenes that 
are incapable of cell-cell spread and suggest the hypothe- 
sis that the function of IFNy in natural immunity to L. mono- 
cytogenes may inhibit this process. 
Infection of GKO-‘- Mice with acfA Mutant 
L. monocytogenes Elicits Antigen-Specific 
CD8 T Cell Responses 
The actA mutant L. monocytogenes strain DP-L1942 ex- 
presses the secreted virulence factor LLO and thus es- 
capes from the phagocytic vesicle into the cytoplasm of the 
initially infected cell (Brundage et al., 1993). The organism 
then replicates in the cytoplasm but is unable to move 
inter or intracellularly. It has been suggested that the pres- 
ence of L. monocytogenes in the cytoplasm of the infected 
cell is a requirement for presentation of L. monocytogenes 
antigens through the conventional MHC class I pathway, 
resulting in the activationof CD8Tcells(Bruntet al., 1990). 
Consistent with this notion, infection of wild-type mice with 
an actA mutant L. monocytogenes primes a CD8 T cell 
response that can transfer antilisterial immunity to naive 
hosts (Goossens and Milon, 1992). 
To determine whether DP-L1942 infection of GKO-‘- 
mice could prime a CD8 T cell response to L. monocyto- 
genes, spleen cells from 7 day DP-L1942 infected GKO-‘- 
or GKO+‘- mice were restimulated in vitro under conditions 
used to generate CD8 T cell lines specific for the known 
L. monocytogenes CD8 T cell antigens, LLO (Pamer et 
al., 1991) and p80 (Pamer, 1994). LLO-specific CD8 T cell 
lines, from GKO-‘- and GKO+‘- mice, were generated by 
in vitro restimulation with P815 (H-p) cells transfected with 
3o:l lo:1 31 I:1 0.3:1 O.l:l 301 lo:1 3:l I:1 0.3:1 O.I:l 
E:T 
Figure 1. CDS T Cells Specific for LLO and ~86 Can Be Generated 
in the Absence of IFNy 
GKO-‘- and GKO+‘- mice were infected with DP-L1942 and 7 days later 
their spleen cells were restimulated in vitro with either PHem3.3, a 
LLO transfectant of P815 (A) or pP66.3, a p66 transfectant of PSI5 
(B). 
(A) LLO-specific CDS T cell lines from GKO+- (closed symbols) or 
GKO+‘- (open symbols) specifically lyse P815 cells transfected with 
LLO (closed triangle, open triangle). but not p66transfected P815 cells 
(closed circle, open circle). 
(B) p66epecific CD8 T cell lines exhibit the opposite specificity. 
the LLO gene as previously described (Harty and Bevan, 
1992). p80-specific CD8 T cell lines were generated in a 
similar fashion using P815 cells transfected with the L. 
monocytogenes p8Cl gene as in vitro stimulators (Harty and 
Pamer, 1995). DP-L1942 infection of GKO+ and GKO+‘- 
mice generated CD8 T cells that could be restimulated 
in vitro to recognize either LLO- (Figure 1A) or p89- (Fig- 
ure 1B) derived epitopes. Consistent with their origin, 
GKO’derivedCDBTcell linesareincapableof producing 
IFNy after specific antigen stimulation (Figure 2). Thus, 
infection of GKO-‘- mice with an actA mutant L. monocyto- 
genes primed the CD8 T cell compartment and allowed 
the generation of antigen-specific CD8 T cells incapable 
of secreting 1FN-r. 
CD8 1 Cell-Derived IFNy Is Not Required for 
Transfer of Antlllsterial Resistsnce 
We have demonstrated that CD8 T cell lines from L. mono- 
cytogenes immune H-2d mice, specific for LLO (Harty and 
Bevan, 1992) or p8Cl (Harty and Pamer, 1995), can transfer 
significant levels of antilisterial immunity to naive mice. In 
another study, we demonstrated that the ability of LLO- 
specific CD8T cell lines to transfer immunitywas not inhib- 
ited by treatment of mice with a neutralizing anti-IFNy MAb 
(Harty et al., 1992). Although the in vivo activity of the 
anti-IFNy MAb was documented in these studies, it was 
impossible to rule out the possibility that biologically signif- 
icant levels of IFNy escape neutralization. In addition, this 
experimental approach does not identify the cellular 
source of IFNy, which can be produced by NK cells, y-5, 
or CD4 T cells, as well as CD8 T cells. 
To determine the requirement for CD8 T cell-derived 
IFNy in adoptive transfer of antilisterial immunity, we ana- 
lyzed the ability of LLO- and p89-specific CD8 T cell lines, 
from GKO+ or GKO+‘- mice, to transfer immunity to naive 
BALBlc hosts. The degree of immunity transferred was 
estimated by infecting groups of mice with - 10 LDso of 
L. monocytogenes strain 10403% in the presence or ab- 
sence of L. monocytogenes-specific CD8 T cells and de- 
termining the number of L. monocytogenes in organ ho- 
mogenates at 3 days postinfection. GKO-‘-derived CD8 
T cell lines specific for LLO (Figure 3A) and p80 (Figure 
+I- -/- +I- 4 
LLO specific CD8 T cells p60 specific CD8 T cells 
Figure 2. Antigen-Specific CD8 T Cells from GKO-‘- Mice Cannot Pro- 
duce IFNy 
LLO (A) and ~66 (B) specific CD8 T cell lines from GKO+ mice cannot 
produce IFNy after antigen stimulation. In vitro peptide stimulation 
and IFNy assays were performed as described (Harty et al., 1992). 
IO' 
+i- 
LLQ spciric CDS T cells p&3 specific CD8 T cells 
Figure 3. CD5 T Cell-Derived IFNy Is Not Required for Adoptive 
Transfer of Immunity to L. monocytogenes 
(A) LLC-specific (5 x 107 or (6) p60-specific (7 x 103 CD5 T cells 
from GKO-‘- (left-to-right hatched bar) or GKO+‘- (right-to-left hatched 
bar) mice were transferred to groups of naive BALD/c mice. These 
mice and controls (open bars) were challenged with 10 LDU, of 10403s. 
CFU/ spleen and liver were determined 3 days later. Results are pooled 
from two experiments with 6 mice per group and are expressed as 
mean * SEM. Asterisk, p < 0.005 compared with control. 
38) transferred significant immunity against L. monocyto- 
genes infection, comparable to the degree of immunity 
transferred by GKO+‘-derived CD8 T cells with the same 
antigen specificity. Transfer of BALBlcderived CD8 T 
cells, specific for a non-L. monocytogenes antigen, results 
in no detectable immunity to L. monocytogenes in this 
assay (Harty and Bevan, 1992). Antigen-specific CD8 T 
cells, from GKO+ and GKO+‘- mice, reduced CFU to a 
similar degree in spleen and liver (data not shown). These 
experiments strongly support the hypothesis that CD8 T 
cell-derived IFNy is not required for transfer of antilisterial 
resistance by antigen-specific CD8 T cells. 
CD8 T Cell-Derived IFNy Does Not Enhance 
Transfer of Antilisterial immunity 
IFNy-independent transfer of antilisterial immunity by rela- 
tively large numbers of in vitro propagated single antigen- 
specific CD8 T cells, provides evidence that CD8 T cell- 
derived IFNy is not required for expression of immunity 
but does not accurately reflect the in vivo situation in which 
CD8 T cell responses to multiple L. monocytogenes anti- 
gens would be expected. To address this issue, we in- 
fected GKO-‘-or GKO+‘- mice with L. monocytogenes DP- 
L1942 and 7 days later transferred 4 x 10’ or 8 x 10’ 
CD4 T cell-depleted spleen cells from these animals into 
naive BALB/c mice, which were then challenged with 10 
LDso of L. monocytogenes 18403s. Under these condi- 
tions, transfer of antilisterial immunity has been shown to 
depend on CD8 T cells (Dunn and North, 1991b), which 
comprise <lo% of the transferred cells after CD4 T cell 
depletion (data not shown). Although transfer of 4 x 10’ 
L. monocytogenes immune spleen cells resulted in less 
immunity than transfer of 8 x 10’ L. monocytogenes im- 
mune spleen cells, no IFNydependent difference in the 
degree of immunity was detected (Figure 4). The spleens 
of DP-L1942-infected GKO-I- and GKO+‘- mice contained 
similar percentages of CD8 T cells at 7 days after infection 
and exhibited similar levels of antigen-specific lysis after 
5 days of in vitro restimulation with the LLO-expressing 
P815 transfectant (data not shown), suggesting that the 
None -I- +I- -I- +/- 
‘I 
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Figure 4. CD8 T Cell-Derived IFNy Does Not Enhance Adoptive 
Transfer of Antilisterial Immunity 
Spleen cells from GKO+ or GKO+‘- mice were obtained 7 days after 
infection with 4 x IO CFU of DP-L1942. CD4 T cells were depleted 
with antibody and complement and either 4 x IO’ or 8 x IO’ cells 
were transferred to naive BALD/c mice. These mice and controls were 
infected with - 10 LD, of 10403s: CFWspleen and liver were deter- 
mined 3 days later. Results are expressed as mean * SD for groups 
of 3 mice. 
number of antigen-specific CD8 T cells transferred from 
each strain was similar. Thus, the ability of CD4 T cell- 
depleted L. monocytogenes immune spleen cells to trans- 
fer antilisterial immunity is not enhanced by the ability of 
these cells to secrete IFNy. 
Transfer of Antilisterial Immunity by GKO-I--Derived 
Spleen Cells Does Not Depend on 
Recipient-Derived IFNl 
Transfer of antilisterial immunity, by GKO-I-- and GKO+‘-- 
derived CD8 T cells to naive BALB/c mice occurs in an 
environment where natural immunity, mediated by NK 
cell-derived IFNT, is active and contributing to the resolu- 
tion of infection. Indeed, the possibility existed that immu- 
nity mediated by GKO-‘-derived CD8 T cells in BALBlc 
mice could have resulted from activation of NK cells to 
up-regulate IFNy production. To address this question, we 
performed adoptive transfer assays using GKO+ hosts, 
an environment completely devoid of NK cell-derived 
IFNT. CD4 T cell-depleted spleen cells (8 x 10’) from 
DP-L1942-infected GKO-‘- or GKO+‘- mice were trans- 
ferred to naive GKO-‘- mice prior to infection with 1.8 x 
1 O3 CFU of L. monocytogenes 18483s, a level representing 
- 180 x the LDso for naive GKO’ mice (Table 1). As 
shown in Figure 5, GKO-‘-derived L. monocytogenes im- 
mune spleen cells mediate significant immunity, compara- 
ble to GKO+‘-derived CD8 T cells, even in the absence 
of host-derived IFNT. Similar reduction in CFU were ob- 
sewed in liver homogenates from these animals (data not 
shown). Depletion of 94% of CD8 T cells by antibody and 
complement prior to transfer of immune GKO-I- spleen 
cells reduced the degree of immunity transferred by 90% 
(data not shown). These experiments demonstrate that 
IFNT is not required for CD8 T cell-mediated antilisterial 
immunity under adoptive transfer conditions. 
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Figure 5. Recipient-Derived IFNy Is Not Required for Adoptive Trans- 
fer of Antilisterial Resistance by GKO+ CD6 T Cells 
Spleen cells from GKO+ or GKO+‘- mice were obtained 7 days after 
infection with 2 x 10’ CFU of DP-L1942. CD4 T cell-depleted (6 x 
10’) spleen cells were transferred into naive GKO’ mice. These mice 
and control GKO+- mice were infected with 1.6 x 1 O3 CFU of 10403s. 
CFWspleen and liver were determined 3 days later. Results are ex- 
pressed as mean f SD for groups of 3 mice. Double asterisks, p < 
0.025 compared with control. 
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Vaccination of GKO+ Mice with Attenuated 
L. monocytogenes induces Specific Resistance 
to Virulent L. monocytogenes 
The ability of CD8 T cells, derived from DP-Ll942-infected 
GKO-‘- mice, to transfer antiiisteriai immunity to naive 
mice in the absence of IFNr suggested the possibility that 
vaccination of GKO+ mice with attenuated L. monocyto- 
genes may enhance resistance to infection. GKO-‘- mice 
were vaccinated by infection with 1 x lo6 L. monocyto- 
genes DP-L1942 and 32 days later were challenged with 
various doses of virulent L. monocytogenes 10483s to as- 
sess the degree of resistance generated. Vaccinated 
GKO-‘- mice exhibited a striking degree of resistance (LD= 
of 105.3 CFU, Figure 6A) compared with naive GKO-‘- 
mice (LD= of 10 CFU, Table 1). This resistance is specific, 
since DP-L1942-vaccinated GKO-‘- mice, which resist 
-20,000-fold more virulent L. monocytogenes than naive 
GKO’ mice, exhibit the same incidence and kinetics of 
mortality after infection with an unrelated mouse patho- 
gen, Salmonella typhimurium strain SL1344 (Hoiseth and 
Stocker, 1981), as do naive GKO+- and BALB/c mice (Fig- 
ure 6B). Thus, specific immunity to L. monocytogenes can 
be generated in the absence of IFN?. In addition, the differ- 
ence in resistance of naive GKO-‘- mice and GKO-‘- mice 
receiving a single injection with an attenuated L. monocy- 
togenes strain demonstrates that vaccination-induced im- 
munity can overcome the lack of a cytokine that is critical 
for resistance to acute infection. 
Vaccination induced Immunity in GKO-‘- Mice 
is Dependent on CD8 T Cells 
To assess the effecters of vaccination-induced immunity, 
DP-L1942 vaccinated GKO-‘- mice were depleted of spe 
cific T cell subsets by treatment with anti-CD4 MAb GKl.5 
(Dialynas et al., 1983) or anti-CD8 MAb 2.43 (Sarmiento 
et al., 1980). GK 1.5 treatment reduced the number of 
CD4 T cells by >95%, as determined by FACs analysis 
of spleen cells from depleted and control mice. 2.43 treat- 
Figure 6. Vaccination of GKO+- Mice with DP-L1942 Induces Specific 
Immunity in the Absence of IFNy 
(A) GKO-‘- mice were infected with 2 x 10’ CFU of DP-LlW2.32 days 
later groups(N) of animals were challenged with the indicated number 
of 10403s. Survival was monitored for 14 days. The LDso in this experi- 
ment was W9 CFU. 
(6) Groups of 4 vaccinated GKO+, naive GKO+, and naive BALM 
mice were challenged by intraperitoneal injection of 100 CFU of S. 
typhimurium SL1344 (-5 LDm for SALS/c mice). Survival was moni- 
tored for 14 days. 
merit reduced the number of CD8 T ceils by X7%. T cell 
subset depleted and control mice were then challenged 
with virulent L. monocytogenes 10403s on day 32 postvac- 
cination. Depletion of CD4 T ceils did not significantly alter 
the resistance of vaccinated GKO-/- mice to challenge with 
virulent L. monocytogenes (Figure 7A). In contrast, deple- 
tion of CDBTcells diminished the resistance of vaccinated 
GKO-‘- by at least two orders of magnitude (Figure 78). 
CD8 T cell-depleted immune GKW- mice exhibit slightly 
more resistance to virulent L. monocytogenes than naive 
GKO’ mice. This finding may result from expansion of 
the small number of remaining CD8 T ceils in these mice 
in time to resist the number of organisms in the low dose 
challenge. Alternatively, other cell types, such as y-5 T 
cells, may contribute to the resistance of vaccinated 
GKO+ mice in the absence of IFNy. These experiments 
demonstrate that DP-L1942 vaccination of GKO+ mice 
primes a L. monocytogenes-specific immune response 
capable of resisting infection with high dose virulent L. 
monocytogenes. 
Discussion 
Lethal infection of H-2d GKO-‘- mice requires - lOOO-fold 
fewer L. monocytogenes than the number required for la 
thal infection of mice with an intact IFNy structural gene. 
These data confirm the importance of IFNy in natural im- 
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Figure 7. Vaccination-Induced Immunity in GKO’ Mice Depends on 
CD8 T Cells 
(A) GKO-‘- mice were infected with 7 x 10’ CFU of DP-L9142. Mice 
were subsequently depleted of CD4 T cells (closed symbols) or not 
(open symbols) and were challenged at 32 days postvaccination with 
indicated number of 18403s. 
(B) GKO-‘- mice were infected with 4 x 10” CFU of DP-L1942. Mice 
were subsequently depleted of CD8 T cells (closed symbols) or not 
(open symbols) and were challenged at 32 days postvaccination with 
the indicated numbers of 19483s. The degree of T cell depletion was 
monitored by flow cytometry. Animals were monitored for survival for 
14 days. The number of animals in each group are indicated in paren- 
thesis 
munity to acute L. monocytogenes infection demonstrated 
by earlier studies with neutralizing anti-IFNy MAb (Buch- 
meier and Schreiber, 1985) and mice with targeted disrup- 
tion of the IFNy receptor gene (Huang et al., 1993) but 
also demonstrate the critical role IFNy play8 in resistance 
to acute infection. Consistent with a major role for IFNy 
in resistance to intracellular bacterial and protozoan 
pathogens are reports that GKO-‘- mice, expressing H-2b 
MHC molecules, exhibit increased susceptibility to acute 
infection with Mycobacterium tuberculosis (Cooper et al., 
1993; Flynn et al., 1993) and Leishmania major (Wang et 
al., 1994). 
The availability of well-characterized attenuated L. 
monocytogenes mutants and GKO-‘- mice suggested a 
strategy to localize the antimicrobial action of IFNy to a 
particular stage of L. monocytogenes infection. The three 
orders of magnitude decrease in resistance to L. monocy- 
togenes exhibited by GKO+ mice, compared with wild- 
type mice, provides a window to characterize the virulence 
of L. monocytogenes mutants, which are attenuated for 
virulence in wild-type mice, in mice incapable of producing 
IFNy. Conversion of the attenuated phenotype tovirulence 
in the absence of a particular cytokine would indicate a 
role for that cytokine in containing the organism at the 
specific stage of infection identified by the mutation. In 
our initial experiments, we determined that GKO-‘- mice 
resist infection with an actA mutant L. monocytogenes at 
a level comparable to mice with intact IFNy genes. These 
data suggest that the role of IFNy in resistance to L. mono- 
cytogenes infection may involve prevention of cell-cell 
spread, since IFNy is not required for resistance to L. 
monocytogenes that are incapable of cell-cell spread. 
These data are in agreement with in vitro studies sug- 
gesting that IFNy activation of a macrophage-like cell line 
prevents escape of the organism from the phagosome 
(Portnoy et al., 1989). One prediction from this hypothesis 
is that L. monocytogenes strains capable of limited cell- 
cell spread, 8UCh as the phospholipase mutants, should 
exhibit increased virulence in GKO+ mice compared with 
wild-type mice. Further studies with other defined L. mono- 
cytogenes mutants in GKO-‘- mice will directly test this 
hypothesis. 
Although they are attenuated for virulence, actA mutant 
L. monocytogenes enter the cytoplasm of infected cells 
and are accessible to the MHC class I antigen presentation 
pathway. Indeed, infection of wild-type mice with act A 
mutant L. monocytogenes elicits a CD8 T cell response 
that can transfer antilisterial immunityto naive mice (Goos- 
sens and Milan, 1992). Since GKO-‘- mice survive infec- 
tion with actA mutant L. monocytogenes, we could use 
this strain to elicit L. monocytogenes-specific CD8 T cells 
that are incapable of producing IFNy. GKO-‘--derived CD8 
T cell lines specific for epitopes derived from the secreted 
LLO or p80 molecules, transferred similar levels of immu- 
nity to naive BALE/c mice as CD8 T cell lines speciftc for 
the same antigens, derived from mice with intact IFNy 
genes. These experiments directly demonstrate that CD8 
T cell-derived IFNy is not required for transfer of antiliste- 
rial immunity to naive mice and suggest that other effector 
mechanisms play a dominant role in this process. Consis- 
tent with this interpretation are recent studies indicating 
that CD8 T cells from perforin-deficient mice have reduced 
capacity to transfer antilisterial resistance (Kagi et al., 
1994). Together, these studies support a role for direct 
lysis of infected cells by L. monocytogenes-specific CD8 
T cells. 
One consequence of this model is the requirement for 
accessory cells to destroy L. monocytogenes that are re- 
leased from target cells after CD8 T cell-mediated lysis. 
Interestingly, two recent reports demonstrate that anti- 
body-mediated depletion of neutrophils in L. monocyto- 
genes immune mice inhibits the expression of specific 
immunity to rechallenge (Appleberg et al., 1994; Czupryn- 
ski et al., 1994). In combination, these experiments pro- 
vide both direct and indirect support for the importance 
of CD8Tcell-mediated lysis of infected cell8 as an effector 
mechanism in immunity to L. monocytogenes. It should 
be pointed out, however, that these data do not rule out 
a contribution by other CD8 T cell-derived cytokines in 
the expression of antilisterial immunity. GKO-‘- mice pro- 
vide an experimental system devoid of IFNy to address 
this question. 
Our results demonstrate that IFNy is a critical cytokine 
in natural immunity to acute L. monocytogenes infection. 
Natural immunity to L. monocytogenes, which requires 
neutrophils (Conlan and North, 1994; Czuprynski et al., 
1994) as well as activated tTMCrOph8g88 (Bancroft et al., 
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1991), is thought to limit infection until the development 
of specific immunity. In this scenario, early IFNy produc- 
tion by NK cells may play several roles. First, experimental 
evidence suggests that IFNy-mediated macrophage acti- 
vation is required to control the acute infection (Wherry 
et al., 1991) possibly by limiting cell-cell spread of the 
organism. Consistent with this evidence are studies show- 
ing that inhibitors of IFNydependent nitric oxide genera- 
tion exacerbate L. monocytogenes infection in vivo (Beck- 
erman et al., 1993; Boockvar et al., 1994). Second, the 
well-documented effects of IFNy on antigen presentation, 
including up-regulation of MHC class I and class II genes, 
tap genes, and LMP genes (Germain, 1994) may aid in 
development of specific immunity to L. monocytogenes. 
IFNy-mediated up-regulation of antigen presentation func- 
tions may be most relevant when the acute infection ap- 
proaches lethal level, where delays in the development of 
specific immunity could result in lethal infection. Thus, 
IFNy may play multiple roles in resistance to acute L. 
monocytogenes infection. 
In contrast with the critical role of IFNy in natural immu- 
nity to L. monocytogenes, we were unable to detect a 
requirement for IFNy in specific immunity to infection. This 
result is most striking in light of the many effects on the 
immune system mediated by IFNy in addition to macro- 
phage activation (Farrar and Schreiber, 1993). Although 
IFNy may aid in development of specific immunity to L. 
monocytogenes, our data demonstrates that it is not re- 
quired for vaccination-induced immunity in GKO-‘- mice. 
These studies also demonstrate that IFNy-mediated mac- 
rophage activation and up-regulation of antigen-present- 
ing functions are not required for the expression of specific 
immunity in an immunized host. The effects of CD8 Tcells 
in adoptive transfer assays are thought to occur early after 
challenge infection, at a stage where the majority of L. 
monocytogenes may be confined to macrophages (Dunn 
and North, 1991 b). However, L. monocytogenes also in- 
fects cells such as hepatocytes. The ability of hepatocytes 
and hepatocyte-like cell lines to exhibit antibacterial activ- 
ity after cytokine treatment is somewhat controversial 
(Gregory and Wing, 1993; Wood et al., 1993); however, 
these cells are clearly not as bactericidal as activated mac- 
rophages (Gregory et al., 1992). Thus, the ability to secrete 
IFNy may not help CD8T cells in dealing with L. monocyto- 
genes-infected nonmacrophage cells such as hepato- 
cytes, which are a major site of L. monocytogenes replica- 
tion in the acutely infected animal (Gregory et al., 1992). In 
addition, the ability of GKO-j-derived L. monocytogenes 
immune CD8 T cells to transfer immunity to naive GKO-‘- 
hosts, as opposed to wild-type hosts, rules out an indirect 
effect of CD8 T cells to increase IFNy secretion by NK 
cells. If CD8 T cell-derived IFNy played any role in the 
transfer of antilisterial resistance to naive hosts, it was too 
subtle to detect in our experimental system. 
The adoptive transfer assay of L. monocytogenes-spe- 
cific CD8 T cells has been criticized as to relevance with 
regard to the mechanism by which L. monocytogenes is 
cleared from the acutely infected host (Dunn and North, 
1991 b). However, it is a relevant model system to analyze 
the consequences of infection in a previously immunized 
host (Harty and Bevan, 1992). To extend our findings, we 
vaccinated GKO-‘- mice with a single injection of the actA 
mutant L. monocytogenes strain and asked whether these 
mice become immune to challenge with virulent L. mono- 
cytogenes. Strikingly, vaccinated GKO-‘- mice developed 
as much as 20,009-fold increased specific resistance to 
virulent L. monocytogenes compared with naive GKO-‘- 
mice. This immunity appeared to be primarily due to the 
actions of CD8 T cells, although contributions of other 
effector cells have not been experimentally ruled out. 
Thus, specific immunity to L. monocytogenes can be gen- 
erated in the absence of IFNy and does not require IFNy 
as an effector molecule. 
Our experiments demonstrate that IFNy is a critical me- 
diator of natural immunity to acute L. monocytogenes in- 
fection but find no obvious requirement for IFNy in specific 
immunityto infection. Theabilityof GKO” micetodevelop 
resistance to virulent L. monocytogenes, after infection 
with an attenuated L. monocytogenes strain, demon- 
strates that vaccination-induced immunity can overcome 
the lackof acytokine, which is critical to resistance to acute 
infection. These studies suggest an untapped potential of 
cytokine and cytokine receptor knockout mice as models 
of immune deficiency to learn whether an immune re- 
sponse can be generated that overcomes the specific dys- 
function. Such studies may impact vaccine strategies for 
immunocompromised individuals. 
Experimental Procedures 
Mice 
BALBlc (f-W’) mice were obtained from Jackson Laboratories (Bar 
Harbor, Maine). GKO+-mice, originallygeneratedon the 129/S~(H-2~) 
background (Dalton et al., 1993), were bred to BALBlc mice and back- 
crossed four times to generate H-p GKO-‘- mice, which were then 
maintained by brother-sister mating. Mice containing the disrupted 
gene were identified by Southern blot analysis as described (Dalton 
et al., 1993). GKO+‘- mice were generated from GKO-‘- mice by back- 
cross to BALB/c. 
Cell Liner, Antlbodlss, and Flow Cytometry 
PSI5 cells are a DBAl2 (H-2d)derived mastocytoma tumor cell line. 
PHem3.3 (Harty and Bevan, 1992) cells are P815 cells transfected 
with the known CD8 T cell antigen LLO (Pamer et al., 1991). pP89.3 
cells (Harty and Pamer. 1995) are P815 cells transfected with the 
known CD8 T cell antigen p8Ll (Pamer, 1994). P815 cells and transfec- 
tants were maintained as described (Harty and Bevan, 1992). 
In vivo T cell subset depletion was performed with anti-CD4 MAb 
GK1.5 (Dialynas et al., 1983) and anti-CD8 MAb 2.43 (Sarmiento et 
al., 1980). which were purified from culture supernatants using protein 
G affinity chromatography as recommended by the manufactured 
(Pharmacia). Protein concentrations were determined using the bicin- 
choninic acid assay (Pierce). In vivo Tcell subset depletion was carried 
out by intraperitoneal injection of 0.3 mg of MAb on days 28-30 post- 
vaccination. T cell subset depletion was >95% in both cases. In vitro 
T cell subset depletion was carried out with immunoglobulin M (IgM) 
MAbs RL-172 (antiCD4) or 3.188 (antiCD8) and rabbit complement 
as previously described (Harty et al., 1992). CD4 T cell depletion was 
>97%. CD8 T cell depletion was >94%. Depletion of T cell subsets 
was monitored by staining with fluorescein isothiocyanate-conjugated 
anti-CD8 MAb 53.8-7 (Sigma) and phycoerythrin-conjugated anti-CD4 
MAb H129.19 (Sigma). Cells were analyzed on a FACScan (Becton 
Dickinson) with Lysis II software. Cells were also stained with fluores- 
cein isothiocyanate-conjugated goat anti-rat antibody to detect resid- 
ual rat antibodies, which could block detection of CD4 or CD8 staining. 
Bacteria and Immunizations 
Listeria monocytogenes strains 10403s and DP-L1942 were gifts of 
D. Portnoy, University of Pennsylvania, and were grown as previously 
described (Harty and Bevan, 1992) except that streptomycin at 50 
ug/mi was added to the medium. L. monocytogenes strain 10403s 
has an LDm of Iv’ CFU after intravenous injection of BALB/c mice 
(Bishop and Hinrichs, 1987), whereas DP-L1942, which contains an 
in-frame deletion in the actA gene, has an LDso of 1 07= CFU (Brundage 
et al., 1993). Salmonella typhimurium strain SL1344 (Hoiseth and 
Stocker, 1981) was the gift of B. Jones, University of Iowa, and was 
grown in Luria-Bertani broth. S. typhimurium SL1344 has an LDso of 
1O’,s CFU after intraperitoneal injection of BALB/c mice (Hoiseth and 
Stocker, 1981). For immunization of GKO+ mice, 0.7-4 x 10 CFU 
of DP-L1942 were injected intravenously. Animals were challenged 
32 days later with the indicated numbers of L. monocytogenes or S. 
typhimurium and LDm were calculated as described (Portnoy et al., 
1988). Actual numbers of bacteria injected were determined by plating 
aliquots of relevant dilutions. 
Peptldes and IFNy Detection 
Synthetic peptides representing the known H-2Kd-restricted epitopes 
LLO 91-99 (Pamer et al., 1991) and p80 217-225 (Pamer, 1994) were 
dissolved in phosphate-buffered saline and used at the indicated con- 
centrations. Antigen-specific IFNT production by CD8 T cells was de- 
termined by enzyme-linked immunosorbent assay (ELISA) with a kit 
from Genzyme as previously described (Harty et al., 1992). 
CD8 T Cell Lines and Chromlum Rsleass Assays 
GKO+ and GKO+ mice were infected by intravenous injection of 10’” 
CFU of DP-L1942. Spleen cells from these mice were restimu- 
lated in vitro 7 days later with irradiated PHem3.3 (15,000 rads), to elicit 
LLC-specific CD8 Tcell lines, or irradiated pP80.3 to elicit p80-specific 
CD8 T cells lines. CD8 T ceil lines were generated and maintained 
using the cell numbers and culture conditions previously described 
(Harty and Bevan, 1992). Long-term CD8 T cell lines were maintained 
in the presence of 5% Rat concanavalin A supernatant and 50 mM 
a-methyl mannoside as described (Harty and Bsvan, 1992). 
For chromium release assays, target cells (1 x 107 in 300 pi RPIO 
were labeled with 109 pCi S’Cr sodium chromate for 1 hr at 37OC. 
After washing, 10’ target cells were Incubated with serial dilutions of 
effector cells in 200 ul of RPlO in round-bottomed 98~well plates. After 
3-4 hr incubation at 37OC, 109 ul supernatant was collected and spe- 
cific lysis was determined as: percent specific lysis = 100 x ([release 
by CTL - spontaneous release] I [maximum release - spontaneous 
release]). Spontaneous release in the absence of CTL was <lo% in 
ail experiments. 
Adoptive Transfer Assays 
The capacity of CDBT cell lines to transfer antilisterial resistance was 
determined as previously described (Harty and Bevan, 1992). In brief, 
GKOd-- or GKCY-derived CD8 T cell lines specific for p80 or LLO 
were harvested at day 7-9 after in vitro restimulation and were washed 
two times with phosphatebuffered saline. The indicated numbers of 
CD8 T cells were injected intravenously into naive BALB/c mice in a 
volume of 0.2 ml. These mice and uninjected control mice were in- 
fected intravenously with - lo5 CFU (- 10 LDs) L. monocytogenes 
strain 10403s 1 hr later. CFU/spieen and liver were determined 3 days 
after infection. In other experiments, L. monocytogenes immune 
spleen cellswere obtained from DP-L1942-infected GKO” and OKOff- 
mice at 7 days postinfection. L. monocytogenes immune spleen ceils 
were depleted of CD4 T cells or CD8 T cells prior to transfer to naive 
BALB/c or GKO-‘- mice. GKO-‘- mice were infected with 1.8 x 10 
CFU (- 180 LDm). Transferred spleen cells contained less than 10 
CFU of DP-L1942. Data is expressed as mean CFU f SEM. Student’s t 
test was used to determine the statistical relationship between groups. 
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